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ABSTRACT 

On 5-6 June 2012, Venus will be transiting the Sun for the last time before 2117. This event is an unique opportunity to assess the 
feasibility of the atmospheric characterisation of Earth-size exoplanets near the habitable zone with the transmission spectroscopy 
technique and provide an invaluable proxy for the atmosphere of such a planet. In this letter, we provide a theoretical transmission 
spectrum of the atmosphere of Venus that could be tested with spectroscopic observations during the 2012 transit. This is done using 
radiative transfer across Venus' atmosphere, with inputs from in-situ missions such as Venus Express and theoretical models. The 
transmission spectrum covers a range of 0.1-5 /im and probes the limb between 70 and 150 km in altitude. It is dominated in UV by 
carbon dioxide absorption producing a broad transit signal of ~ 20 ppm as seen from Earth, and from 0.2 to 2.7 fim by Mie extinction 
(~ 5 ppm at 0.8 pm) caused by droplets of sulfuric acid composing an upper haze layer above the main deck of clouds. These features 
are not expected for a terrestrial exoplanet and could help discriminating an Earth-like habitable world from a cytherean planet. 



1. Introduction 



X 



• On 5-6 June 2012, Venus will be transiting the Sun as seen 
' from the Earth, for the last time until 2117. This rare astro- 
nomical event was previously observed and reported in the lit- 
erature six times only. The first detection of the atmosphere of 
Venus (the cytherean atmosphere) is traditionally attributed to 
Lomonosov, who observed the 26 May 1761 transit from the 
observatory of Saint-Petersburg (lMarovll2005h . Today, modern 
approaches are used to detect the atmospheres of transiting ex- 
oplanets. Several studies using the transmission spectroscopy 
technique have provided significant insights into the atmo- 
, spheric composition, structure, and dynamics of hot giant exo- 
■ plane t s (e.g.,IC harbonneau et al. 2002; Vidal-Madiar et al. 2003, 
1 1201 U [Snellen et al. 2010() This technique is now attempted on 
Neptu ne-mass exoplanets (IStevenson et alJl20Tol: Knutsoii et alJ 



In this context, Venus can provide an essential proxy for a 
telluric exoplanet. Obtaining its transmission spectrum during 
a transit across the Sun will serve both as a comparison ba- 
sis for transiting Earth-mass exoplanets to be observed in the 
future, and a proof of feasibility that such observations can 
elfectively probe the atmospheres of exoplanets in this mass 
range. In addition, transit observations of Venus can bring pre- 
cious information about how the atmosphere of a non-habitable 
world - observed as an exoplanet - dilfer from that of a hab- 
itable planet, the Earth, also obs erved as an exoplan et in tran- 
sit during Lunar eclipses (Vida l-Madiar et ani2010h . The pre- 
vious transit of Venus in 2004 was the first to be scrutinised 
with modern instrume ntation, from space ( Schneider et al. 2006; 
Pasachoff et al. 201 1) and from the ground (Hedelt et al.ll201 1 : 
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and on "super-ea rths" (1-10 Me; iBean et all 120101 
[Pesert etaP [201 %. The next step, characterising the 
atmospheres of Earth-mass planets with transmission spec- 
troscopy, is extremely challenging because of the small spa- 
tial extent of these gas envelopes: photometric precisions of 
the order of 0.1 ppm should be reached for th at purpose 
('Ehrenreiche talJl2006t iKaltenegger & Traub" 200"9l) . The class 
of Earth-mass planets includes telluric -rocky - pla nets such 
as the Earth, Venus, or Corot-7b (iLeger et alJ 1201 ih and so- 
called "oce an-planets" ([Leger et £1720041) . possibly such as 



20091) . Among planets in this 



GJ 1214b dCharbonneau et all 
mass range, the atmospheres of telluric exoplanets are the most 
challenging to characterise because these dense planets have 
small atmospheric scale heights, and thus compact atmospheres 
(lEhrenreichetalJl2006h . 



Tangaetal. 2011). This letter aims at providing a theoretical 
transmission spectrum of the atmosphere of Venus, from the ul- 
traviolet to the infrared, as it could be observed during the transit 
of June 2012. 



2. Model 

2.1. Atmosphere 

Transmission spectroscopy probes the atmospheric limb of the 
transiting planet. In the following, we consider an unidimen- 
sional atmospheric model, only varying with respect to the alti- 
tude and ignoring latitudinal and longitudinal variations in atmo- 
spheric structure and composition. Although latitudinal variation 
observations are well documented (e.g., in the atmospheric den- 
sity and temperature, cloud top altitude, etc.), this simplification 
is correct considering the geometry of the experiment and the 
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Fig. 1. Atmospheric profiles used in the model. Left: pressure- 
temperature. Right: Gas mixing ratios (thin lines) and haze den- 
sities for mode-1 (thick violet line) and mo de-2 (thick blue line) 
particles from Venus Express data dWilquet et al..,2009,) . 



lack of spatial resolution: the latitudinal variations are averaged 
in the transmission spectrum of the whole limb. 

We consider an altitude range comprising the troposphere 
(0-60 km), the mesosphere (60-100 km), and the upper at- 
mosphere (> 100 km) of Venus, up to 400 km in altitude. 
iPatzold et al.l (l2007 l) measure the mesospheric temperature pro- 
file T{z} with radio sounding from the VeRa instrument on Venus 
Express. We use their profile assuming an upper boundary tem- 
perature of 200 K at 100 km. The tropospheric temperature pro- 
file is extrapolated from the tropopause (220 K at 61 km) down 
to the surface assuming a constant temperature lapse rate of 
-1-8.5 K km"', yielding a surface temperature of 740 K. Above 
100 km, the temperature profile corresponds to th e neutral com- 
ponen t of the ionosphere and fol low those us e d by Gronoff et al.l 
( 120081) . initially calculated by iHedin et all (Il983h . The pres- 
sure profile piz) is calculated across the whole altitude range 
(0^00 km) assuming the atmosphere behaves as a perfect gas 
at hydrostatic equilibrium, p{z) - poexp|^- J z///(z)j, where 
po - 93 bar is the surface pressure and H{z) - kBT(z)/[f^(z)giz)] 
is the atmospheric scale height, with g{z) the acceleration of 
gravity, kg the Boltzmann constant, and fi{z) the mean atmo- 
spheric molar mass. 

Atoms and molecules — The mean molar mass variations 
with altitude are small from the ground up to ~ 120 km, where 
carbon dioxide dominates the atmospheric composition (volume 
mixing ratio Xc02 = 96.5%). Above t his altitude, Xco, fol- 
lows the model of iGronoff et alJ (l2008l) . In addition to CO2, 
we are considering molecular nitrogen (Xj^^ - 3.5%), molec- 
ular and atomic oxygen (O2 and Oi), carbon monoxide (CO), 
water (H2O), and sulfur dioxide (SO2). The mixing ratio pro- 
files for CO, SO2, and H2O are extrapolated from the values 
fromlCotton et alJ (l201lh . lde Berghet al.1 (l2006h . and lTitov et all 
(I2009ir respectively. Mixing ratios of O2 and O i are considered 
to be non-zero only in the upper atmosphere, where these species 
are produ ced; there, thei r mixin g ratio profiles follow those cal- 
culated bv lGronoff et al.l (l2008h . We finally in clude mesospheric 
ozone (O3) following its recent detection bv iMontmessin et"al] 
(1201 Ih . 

Clouds and haze — The thick deck of clouds extending 
across the troposphere and a part of the mesosphere (45-70 km) 



is treated as an achromatic optically thick layer. This assumption 
is justified by the effective Mie scattering from particles with a 
broad (multimodal) size distribution composing the main deck 
of clouds dWilquet et alJl2009l) . over the considered wavelength 
range (0.1-5 pm). Practically, this means that no signatures can 
be detecte d below the top of the cloud deck, set at an altitude 
of 70 km ( Ignatie v et aLll2009t iPasachoffet aP 12011 ). We dis- 
tinguish, however, this main cloud deck from the upper haze 
(70-90 km). While both are mainly composed of sulfuric acid 
(H2SO4) aerosol particles, the particle size distribution is differ- 
ent in these layers, yielding different scattering properties. In the 
upper haze, particles are smaller than in the cloud deck, with 
typical radii from 0.1 to 0.3 yum, as expecte d from pure "mode - 
1" particles (Knollenberg & Hunten 1980; Esposito et alj|1997h . 
Following iWilquet et al.. (i2009) and references therein, we con- 
sider an upper haze consisting of concentrated (75%) aqueous 
and spherical droplets of H2SO4. The size distribution of mode-1 
droplets is described by a log- normal distribution w ith parame- 
ters rg - 0.2 jum and o-g - 0.2. IWilquet et al.l (l2009h also present 
the first evidence for a bimodal distribution of aerosol particles 
in the upper haze of Venus, similar to the two modes in the up- 
per clouds, at the latitudes probed by Venus Express: "mode-2" 
particles, with 0.4 $ $ 1.0 pm. In the following, we con- 
sider that mode-2 particle sizes follow a log-normal distribution 
with rg = 0.6 pm and cTg - 1.5. The vertical density profiles of 
upper haze mode-1 and mode-2 particles are constrained from 
data from the UV channel of the SPICAV instrument and the 
SOIR instru ment, respectively, o n board Venus Express during 
orbit n. 485 dWilquet et al.ll2009l see their Fig. 9). 

Rad iative transfer — Th e radiative transfer model is based 
on Ehrenreich et aD d2006l). It is an unidimensional, single- 
scattering code calculating the atmospheric opacities along line 
of sights crossing the limb of Venus. The opacities are then in- 
tegrated over the whole limb to give a wavelength-dependent 
effective surface of absorption. The ratio of this surface to the 
surface of the Sun is the depth of the transit, as measured for ex- 
oplanets. In this frame, the transit depth can be converted into a 
radius ratio and, knowing both the radii of Venus and the Sun, to 
the effective height h of absorbing species in the cytherean atmo- 
sphere, as defined in Sect. [3] During the transit on 5-6 June 2012, 
Venus will be approximately three times closer to the Earth than 
the Sun. Consequently, the angular diameters of Venus and the 
Sun will be 57'.'8 and 31.'^i respectively, and the transit depth 
measured from Earth will be the ratio between these solid an- 
gles, 6<^ = 934 ppm. If Venus were a real exoplanet transiting 
a Sun-like star, the transit depth 6 would be 75.7 ppm. We thus 
define a "geometric" factor y - 6<^I6 - 12.3. 

Photoabsorption — The model computes opacities from 
photoabsorption cross-sections of the atmospheric components. 
These cross-sections give rise to the spectroscopic signatures 
that will be sought for during the transit. Infrared molec- 
ular cro ss-sections are calculated from the HITRAN 2004 
line list ( 'Rothman etaU 2005) following RothmanetaD d 19981 
Sect. A. 2.4) but using Voigt functions instead of Lorentzian line 
profiles. The UV cross-sections of CO2, O2, SO2, and O3 are 
taken from the AMOFQ and AMF0 data repositories. The pho- 
toabsorption cross sections are plotted in Fig. [2^. 

Scattering — Important additional absorption is caused by 
diffusion processes: Rayleigh scattering from atmospheric CO2 
and, to a lesser extent, N2, CO, and H2O, emerging above the 



' http : // ssd . jpl . nasa . gov/horizons . cgi. 

- http://ainop.space.swri.edu/ 

^ http : //www . cf a . harvard . edu/ amp/ ampdata/ 
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main cloud deck at 70 km, and Mie scattering caused by H2SO4 
droplets in the upper haze (70-90 km). Rayleigh diffusion, 
which efficiency increases toward the blue following /i results 
from the scattering of light by particles with sizes r much smaller 
than the wavelength (x = Inr/A « 1), typically, molecules 
composing the atmospheric gases. In the case of Venus, the dif- 
fusion is mainly caused by CO2: the scattering cross se ction is 
8/3x'^( n^ - 1) /(n^ + 1)^ (see, e.g., .Lecave lier des Etan gs et al.l 
l2008al) . where n is the refractive index of th e gas. For CO2, we 
use the formula of ISneep & Ubachsl (l2005h to calculate n as a 
function of wavelength. The upper haze is composed by par- 
ticles with sizes larger than the wavelength (4^x5 300). 
Consequently, the calculation of the extinction (scattering + ab- 
sorption) cross section by the bimodal distribution of upper haze 
particles is based on Mie theory. The complex r efractive index 
of H2SO4 droplets is taken from iHummel et aTl ([1988). Below 
3 fim, the imaginary part of the refractive index is negligible 
and the scattering dominates the Mie extinction. The absorption 
cross section, linked to the imaginary part of the refractive in- 
dex, becomes non-negligible above ~ 3 yum, whereas the scatter- 
ing cross section drops. The extinction cross section is the sum 
of the scattering and absorption. It is calculated for log-normal 
particle size distributions with the set of light scattering routines 
available at the University of Oxford Physics Department and 
plotted as a function of wavelength for hazes with different par- 
ticle size distributions in Fig.|2^. 

3. Results and discussion 

The transmission spectrum of Venus is shown with a reso- 
lution of 1 nm in Fig. |2]3, as relative absorption Adc^iA) - 
6^(A) - d<^(A^in), where 6<^(A) = {[R5 + h(A)]/RQ}'^ and ^min 
is defined as the wavelength where the transit depth is min- 
imal; it is 1.67, 2.50, and 2.65 fim for the haze-free, mode- 
1 haze, and modes- 1-1-2 haze models, respectively. The effec- 
tive height of absorption h(A) has the same meaning as in 
[Kaltenegger & Traub (2009) and is plotted in Fig. [2]:. It can 
be retrieved on-line (Table lA.lb . The amplitude of the spec- 
trum reaches ~ 25 ppm for the prominent CO2 UV bands below 
0.2 fim. From 0.2 yum and above, the spectrum is dominated by 
Mie scattering (< 2.7 jim) and absorption (> 2.7 jim) by upper 
haze particles, which can significantly impact on the amplitude 
of the absorption from the other spectral features, such as the 
CO2 transitions around 2 /urn or the Hartley UV band of O3, de- 
pending on the assumed particle size distribution. The maximum 
amplitude of this effect (between UV and IR) is ~ 6 to 8 ppm 
for mode-1 and modes- 1-1-2 haze models, respectively. In the in- 
frared, the most noticeable feature is the vj vibrational band of 
CO2 at ~ 4.3 jum (~ 15 ppm). For a real exoplanet transit, these 
absorption would be a factor 12.3 smaller because there is no 
parallax effect - the distance to the exoplanet equals the distance 
to the transited star. 

In terms of effective height of absorption h{A) (Fig.|2]:), the 
cytherean limb could be probed from 70 to 150 km, i.e., from 
the top of the cloud deck up to above the mesopause, in case 
the upper haze is only composed by mode-1 particles. If larger 
mode-2 particles are involved, it won't be possible to probe the 
limb below ~ 80 km, reached at 2.65 jum. 

In fact, the lowest altitude that it is possible to reach with 
transmission spectroscopy is set by the dominant diffusion 
regime, Rayleigh or Mie. In the case of Venus, the most re- 
markable and extended spectral signature is that of Mie scat- 
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Fig. 2. (a) Absorption cross sections of the considered atmo- 
spheric gases, Rayleigh scattering cross section of CO2 (dashed 
red line), and Mie extinction cross sections for mode-1 (thick 
blue line) and mode-2 (thick violet line) haze particles, (b) 
Transit spectrum of Venus transiting in front of the Sun, as seen 
from Earth, in relative absorption and (c) effective height of ab- 
sorption. The different transit spectra shown are models with 
no upper haze (black), mode-1 upper haze (red), and modes- 
1+2 upper haze (green). The top of the main cloud deck is 
set at 70 km. The transit sp ectrum of the Earth calculated by 
Kalteneg ger & Traiibl (l2009h is overplotted (blue) and shifted by 
+ 100 km for clarity. 



tering by the upper haze. This situation contrasts with the Earth, 
whose transmission spectrum is dominated at short wavelengths 
by Rayleigh scattering fro m N2 and the broad Chappuis band 
of O3, as modelled by Ehr enreich et al.l (l2006h . This first ba- 
sic modelling has be en refined in the case of the Earth by 
Kaltenegger & Traubl (12009) . whose spectrum is reproduced in 
Fig. IS. 

In an atmosphere where Rayleigh scattering is the dom- 
inant diffusion process, it is fairly straightforward to assume 
that, eventhough there is no spectral identification from spec- 
tral lines, the main carrier of the Rayleigh scattering is the most 
abunda nt atmospheric gas. That would be H2 for a giant exo- 
planet ("Lecav elier des Etangs et al] 120 08b') or N2 and CO2, for 
the Earth (or Titan) and Venus, respectively. Because the at- 
mospheric scale height can be calculated from the Rayleigh 
scattering signature, if the temperature is measured or mod- 
elled independently, this signature provides an estimation of 
the atmospheric mean molecular mass and thus some informa- 
tion on the atmospheric composition. The situation is, how- 
ever, more complex when Mie scattering is involved because 
it cannot be simply attributed to the dominant atmospheric 
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species, as illustrated in the case of the hot jupiter HD 189733b, 
which transmission spectrum appears dominated by diffusion 
from the visi ble to the near-infrare d (Pont et al. 2008; Sing et al. 
I2OI ih . lEecavelier des Etangs et al.l (l20 08a) assess the possibility 
of Mie scattering by a haze layer and propose enstatite particles 
(MgSiOs) as scattering caiTiers, since their refractive index is 
compatible with the observed wavelength range of the Rayleigh 
signature. In this case, however, the identification is tentative 
mainly because we have no real proxies of such a planet in the 
Solar System. 

There are a couple of other remarkable molecular signa- 
tures besides CO2 ones. In spite of a low mixing ratio (10"^ 
to 10'^) and a localise d vertical distribution (~ 90-100 km; 
iMontmessin et al.|l201 ih . the Hartley band of O3 emerges from 
the Mie scattering. This somewhat surprising spectral feature is 
actually enhanced by the "ideal" location of the ozone layer, just 
above the upper haze. However, this relies on the assumption that 
the O3 distribution is constant with latitude all around Venus, 
which should be regarded with extreme caution. In the range 
200-240 nm, the intense absorption system B2-X^Ai of SO2 
dFreeman et al. 1984) dominates the spectrum. 

Although O I becomes the main component in the upper at- 
mosphere above 150 km, the column density is too low at these 
altitudes and the 131-nm line too thin to produce significant ab- 
sorption along the line of sight. The upper atmosphere of a planet 
similar to Venus, whose lower atmosphere is dominated by CO2, 
is too cold (~ 200 K), and the scale height too small, to give rise 
to detectable signatures from exospheric atoms. This contrasts 
with the warmer (~ 1 000 K) upper atmosphere of the Earth, 
where high-altitude atomic species should be easier to detect 
than on Venus. In fact, on Venus infrared emissions from CO2 
molecules (quenched at low altitudes) are the main source of at- 
mospheric cooling above the mesosphere. It would be difficult 
to detect atmospheric signatures from an Earth-size exoplanet 
with a small thermospheric scale height. If the precision of the 
measurements is high enough, a lack of detection could then be 
attributed to the presence of an efficient upper atmosphere cooler 
(very likely CO2). In such a planet, the greenhouse effect would 
drastically change the surface temperature and the criteria used 
to decide if it lies in the habitable zone. 

The only spectroscopic data against which we could validate 
the present mod el are the near-inf rared observations of the 2004 
Venus transit bv Hedel t et al.l (1201 II) . These authors observed the 
transit with an instrument designed to measure the solar photo- 
sphere, the Vacuum Tower Telescope (VTT) in Tenerife . Out of 
spatially resolved, dispersed images, Hedelt et al.l (1201 ih obtain 
high-resolution (R ~ 200000) transmission spectra over nar- 
row wavelength ranges. A direct comparison with our model 
is uneasy because the observations are spatially resolved over 
only a small fraction of the solar disc and of Venus' limb. 
We use a correction factor equal to the ratio of the solar sur- 
face covered by the spectrograph slit to the surface of the 
whole S un (~ 87 000), all owing us to roughly compare our 
model to iHedelt et al.l (1201 D 's observations in the spectral re- 
gion 1 597.5-1 598.3 nm (see Fig. lA.3l l. Given the uncertainties 
in the data and in the rescaling factor used, there is a fair agree- 
ment between our model and their data. 

Transmission spectroscopy is a powerful tool to probe the 
atmospheres of transiting exoplanets. Current challenges in- 
vol ve identifying the scatterers responsible for hot jupiter spec- 
tra (Sing et al. 2011), understanding the "flat" spectra of super- 
earths (Bean et al. 201 1), and determining the observational dif- 
ferences between habitable and hostile worlds. Mie scattering by 
clouds or hazes is likely to play a central role in these problems. 



The June 2012 transit will be a unique occasion to collect 
non-spatially resolved transmission spectra of a planet that was 
long-believed to be the Earth's twin sister. Enshrouded by clouds 
and hazes, Venus still hides numerous mysteries in spite of its 
proximity, such as the nature of "abso rber X" detected by the 
Vega entry probes dBertaux et alj|1996l) . A spatially unresolved 
and multi-wavelength coverage of the spectral region impacted 
by Mie scattering, sulfur dioxide, carbon dioxide, and absorber 
X could give access to these components, validating and bring- 
ing new constraints to the model presented here. 

The Tess and Plato missions from NASA and ESA, respec- 
tively, are designed to detect "Earth's twins" transiting bright 
stars before and beyond the end of the decade. Their trans- 
mission spectra could be obtained with the James Webb Space 
Telescope. The next transit of Venus will provide key diagnostic 
tools to discriminate between Earth-like and Venus-like atmo- 
spheres of exoplanets transiting their stars. 
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Wavelength 




Absorption 








no haze 


mode-1 haze 


modes- 1 -t-2 haze 


no haze 


(nm) 


(ppm) 


(ppm) 


(ppm) 


(km) 


100.00000 


25.245750 


25.112910 


23.1596701 


49.66826 


101.00000 


25.069860 


24.937020 


22.9837801 


49.11568 


102.00000 


26.222370 


26.089530 


24.1362901 


52.73554 



Table A.l. Transit spectra of Venus from Figs. |2j) (ab- 
sorption) and |2j; (effective height). The 'no haze', 'mode- 
1 haze', and 'modes- 1-1-2 haze' columns correspond to the 
black, red, and green curves in these figures, respectively. 
This Table is only available in electronic form at the CDS 
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via 
http : //cdsweb . u-strasbg . £r/cgi-bin/qcat? J/A-i-A/. 



Appendix A: On-line material 
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Fig.A.3. Upper-haze free (black line), mode-1, and modes- 
1 +2 upper-haze models (red and green lines, respectively) com- 
pared to the high-resolution limb transmission spectrum ob- 
served bv lHedelt et al.l ( 1201 Ih (dark grey line). All spectral lines 
are CO2 transitions, including isotopes '^C'^02, '^C'^Oa, and 

16ol2cl8o. 
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